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Abstract: This investigation was conducted to determine the feasibility 
of using a two-component polyurethane (PUR) adhesive, with special 
waterproof properties, in constructing wooden structures. We designed 
and conducted tests to compare the shear strength and adhesion per¬ 
formance of PUR with polyvinyl acetate (PVAc) adhesive on block-shear 
specimens constructed of oriental beech (Fagus orientalis L.), fir ( Abies 
alba Mill.), poplar (Populus deltoides Bartr.), white oak ( Quercus alba 
L.), sycamore ( Platanus orientalis L.) and white walnut ( Juglans cinerea 
L.). The values of the percentage of wood failure were also determined in 
specimens constructed with each adhesive. The highest shear strength 
values of both adhesives were obtained in specimens constructed of 
beech, while the lowest shear strength values were obtained in fir and 
poplar specimens. Average shear strength of the PUR adhesive was 
16.5% higher than that of the PVAc adhesive. Specimens constructed of 
fir, poplar and sycamore were characterised by the highest percentages of 
wood failure, whereas the lowest average percentages of wood failure 
were obtained in beech and oak specimens. With the exception of oak 
specimens, there was no statistically significant difference between per¬ 
centage of wood failure among the PUR and PVAc adhesives. Generally, 
the PUR adhesive showed an acceptable adhesion performance on wood 
materials used in our study. 

Keywords: wooden structures, polyurethane adhesive, polyvinyl acetate 
adhesive, shear strength, wood failure, wood species 

Introduction 

Gluing of wood is among the most effective joining techniques 
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for building wooden structures (Smardzewski 2002). Different 
types of adhesives are commonly used in constructing wooden 
structures but polyvinyl acetate (PVAc) has been among the most 
popular woodworking adhesives for more than five consecutive 
decades. PVAc based adhesives have many advantages in com¬ 
parison with other kinds of adhesives used in the furniture indus¬ 
try; namely, low cost, ease of use, simplicity of application, and 
minimal harmful environment effects (Qiao and Easteal 2001). 
However, it is well known that PVAc adhesives do not have good 
water resistance, heat resistance and creep resistance under a 
heavy loads for long periods, and these deficiencies limit its wider 
usage (Qiao and Easteal 2001). Therefore, PVAc adhesive is not 
generally recommended for wooden structures and joints sub¬ 
jected to high temperature or high humidity (Sellers et al. 1988). 
In many developing countries, there is still no proper replace¬ 
ment for PVAc adhesive in manufacturing wooden structures for 
outdoor use under atmospheric conditions. Generally, a proper 
wood adhesive with an outdoor application should have special 
characteristics of good water resistance, stability against ultra¬ 
violet (UV) and weathering resistance. In these cases, polyure¬ 
thane adhesives seem more appropriate because of their specific 
waterproof properties and weathering resistance. There are dif¬ 
ferent kinds of one- and two-component polyurethane (PUR-IK 
and PUR-2K) adhesives, many of which are waterproof and, if 
these adhesives show a reliable performance on wood materials, 
can be used for wood products for outdoor application. However, 
finding an adhesive appropriate for use in constructing outdoor 
wooden structures needs comprehensive studies on its bond 
strength and durability, harmful environment effects, and addi¬ 
tional costs for manufacture; specifically, estimation of the adhe¬ 
sive bond strength is the first step in determining a specific adhe¬ 
sive for wood products. In previous studies (Altinok et al. 2011; 
Keskin et al. 2009; Konnerth et al. 2006; Ors et al. 2004; Qiao 
and Easteal 2001; Raftery et al. 2009; Serrano 2004; Vick and 
Okkonen 1998), shear strength was used as a reliable parameter 
for the evaluation of adhesive bond strength in solid wood, be¬ 
cause it is the most common interfacial stress under service con¬ 
ditions (Pizzo et al. 2003). It was demonstrated that in the radial 
and tangential surfaces of Calabrian pine (Pinus brutia Ten.) 
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wood, the specimens bonded with PVAc adhesive produced 
higher shear strength compared to those glued with 
one-component PUR adhesive (Burdurlu et al. 2006). In a test of 
resistance to defonnation under static loads, one-component 
PUR bonds withstood extreme exposures of temperature and 
relative humidity for 60 days without deformation (Vick and 
Okkonen 1998). 

So far, limited studies have been performed to determine the 
shear strength of one-component PUR adhesives on wood mate¬ 
rials (Keskin et al. 2009; Konnerth et al. 2006; Beaud et al. 2006; 
Ors et al. 2004; Serrano 2004), and shear strength of 
two-component PUR adhesive on wood has not been docu¬ 
mented. This study is the first to determine the feasibility of us¬ 
ing two-component PUR adhesive in constructing outdoor furni¬ 
ture and wooden structures by evaluating the shear strength and 
adhesion qualities of PUR and PVAc (as a control) adhesives on 
the most commonly used wood species in furniture industry. 

Materials and methods 

Wood materials 

Oriental beech ( Fagus orientalis L.), poplar (Populus deltoides 
Bartr.), white oak ( Quercus alba L.), fir ( Abies alba Mill.), 
sycamore ( Platanus orientalis L.) and white walnut ( Juglans 
cinerea L.) were utilized in construction of test specimens (Table 
1). Since wood defects, such as knots and slope of grain, may 

Table 2: Properties of PUR and PVAc adhesives used in the study 


negatively affect the accuracy of shear strength measurements of 
the adhesive, the specimens used in the study were cut from 
straight grain defect-free wood with nominal 12% moisture con¬ 
tent. 


Table 1: Specific gravity and shear strength parallel to the grain of 
woods used in the study (Derikvand et al. 2013) 


Wood species 

SG 

Shear strength parallel to the grain (MPa) a 

Oriental beech 

0.68 

14.19 

Walnut 

0.69 

12.86 

Fir 

0.42 

7.07 

Oak 

0.70 

13.53 

Sycamore 

0.57 

10.47 

Poplar 

0.46 

7.75 


a: At a 12% moisture content. 


Test adhesives 

PVAc and two-component PUR adhesives were used to produce 
the specimens (Table 2). We seleted PVAc to serve as the stan¬ 
dard adhesive in this study because it is widely used in the furni¬ 
ture industry and, therefore, provides a useful basis for compari¬ 
son with the shear strength and adhesion quality of PUR adhe¬ 
sive. PVAc adhesives are known as contact glues, while the PUR 
adhesives cure by chemical reaction between their components. 
The PUR adhesive, used in the study, was completely waterproof 
and did not contain components affecting the swelling of wood. 


Density Viscosity Assembly time Application 

Adhesive type Color Hardener , d pH Water resistance 

(gr/cm - ) <cP) (min ) e temperature 


Polyvinyl acetate (PVAc) a White None 1.08 45000±5000 5 15 5-40°C None 

Polyurethane (PU) b _Cream MDI418°_12_Not indicated Not indicated_30_5-45°C_Water proof 


a: Manufacturer: Shomal adhesive and Resin chemical Industry Co., Iran; b: Manufacturer: Mokarrar Industrial Group Co., Iran; c; Polymeric MDI (Methylene 
Diphenyl Isocyanate); d: By Brookfield LV DV-II+, 64 spindle, 10 r.p.m at temperature of 23°C; e: At a temperature of 20°C. 


Preparation of the specimens 

Fabrication and testing of block-shear specimens used in the 
study were performed in accordance with the principles of 
ASTM D-905. The size of test specimens affects the accuracy of 
measurement of adhesive bond strength (Custodio et al. 2009), 
so that the stress distribution in test specimens tends to be more 
uniform as the size of the connection decreases (Serrano 2004). 
Therefore, dimensions of the specimens used in the study were 
selected from ASTM D-4680. Although dimensions of the 
D-4680 specimen are smaller than those of the D-905 specimen, 
its configuration is quite similar to the D-905 specimen. In the 
first step of constructing the block-shear specimens, wood blocks, 
of suitable size (ASTM D905), were prepared at dimensions 
shown in Fig. la. The adhesive was applied to the blocks in ac¬ 
cordance with the recommendations of the adhesive manufac¬ 
turer. The glue-coated blocks were assembled and then pressed 
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(7><10 ; ’ MN-nf 2 ) for 24 hours, so that thin glue lines (< 0.1 mm) 
were achieved. The block-shear specimens were then cut such 
that the grain direction was parallel to the direction of loading 
during the tests (Fig. lb). Ten replicates of each adhesive were 
constructed from each wood species. The block-shear specimens 
were then kept in the climatic chamber at relative humidity of 
65% ± 3% and a temperature of (20±2) °C for three weeks. After 
this conditioning period, adhesive achieves its full strength 
(Altinok et al. 2009; Maleki et al. 2012; Derikvand et al. 2013). 

Description of tests 

Using a standard shear-testing device (Fig. 2), 120 block-shear 
specimens were tested on a computer-controlled Instron (4486) 
testing machine. Loading speed was 5 mm-min' 1 during the tests. 
The maximum force applied to the specimens was recorded. 

Shear stress values that occurred at the shear area of test 
specimens under uniaxial compression load were then calculated 
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using following formula: 


A 

where. T is the maximum shear strength (N-mm' 2 ), R max is the 
maximum load at failure point (N), and A is the shear area 
(645.16 mm 2 ). 

After performing the tests, the percentage of wood failure in 


tested specimens was also estimated to the nearest 5% of shear 
area according to the principles of ASTM D-5266. 

Data analysis 

Data were analyzed using analysis of variance (ANOVA) and 
Duncan’s test was used to detennine the significance of differ¬ 
ences between groups. 



(a) (b) 


Fig. 1 : Shear test specimen configuration (mm), before (a) and after (b) cutting 



Fig. 2 : Shear-testing device used in the study 


Results 

Shear strength of PUR and PVAc adhesives 

ANOVA for shear strength of PUR and PVAc adhesives and 
percentage of wood failure in tested specimens are given in Table 
3. The differences between the shear strength values were highly 
significant in terms of adhesive type, wood species and the in¬ 
teraction between the wood species and type of adhesive (p 
< 0 . 001 ). 

Average values of the shear strength of the PUR and PVAc 
adhesives along with the percentage of wood failure in tested 
specimens and results of the Duncan test for identification of 
significant differences between groups for each wood species are 
given in Table 4. The highest shear strength values for both 
adhesive types were obtained in beech specimens, while the 
lowest shear strength values were recorded in specimens 
constructed of fir. For PUR adhesive, no significant difference 
was observed between the shear strengths of specimens 
constructed of beech and oak. There was also no significant 
difference in the shear strength of the PUR adhesive in 
specimens constructed of fir and poplar. Likewise, in the case of 
PVAc adhesive, no significant differences were observed in the 
shear strength of walnut, oak and sycamore specimens. 

Generally, the shear strength of PUR adhesive was 16.50% 
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higher than that of PVAc adhesive. In specimens constructed of 
beech, the shear strength of PUR adhesive was 15.52% higher 
than that of PVAc adhesive, while the differences were 27.44% 
and 40.56% in the case of specimens constructed of walnut and 
oak, respectively. However, for specimens constructed of fir and 
sycamore, the shear strength of PUR adhesive was approxi¬ 
mately 14.71% and 4.18% higher than for PVAc adhesive, re¬ 
spectively. In the case of poplar specimens, the shear strength of 
PUR adhesive was 6.58% less than that of PVAc adhesive. 


Percentage of wood failure in tested specimens 

Percentage of wood failure differed significantly by wood species 
(p <0.001) (Table 3). There was no significant difference in per¬ 
centage of wood failure by adhesive type (p >0.05). The interac¬ 
tion between bilateral different groups was statistically significant 
(p <0.05). 


Table 3: Results of ANOVA for amounts of shear strength and percentage of wood failure 


Variance source 

(symbol) 

Dependent Variable 

Sum of squares 

df 

Average 

of squares 

F 

value 

P 

value 

Wood 

Shear strength 


785.462 

5 

157.092 

73.025 

* * * 

Species (A) 

Percent of wood failure 


37362.500 

5 

7472.500 

19.421 

* * * 

Adhesive 

Shear strength 


98.482 

1 

98.482 

45.780 

* * * 

type (B) 

Percent of wood failure 


907.500 

1 

907.500 

2.359 

NS 

Ax B 

Shear strength 


89.750 

5 

17.950 

8.344 

* * * 


Percent of wood failure 


5325.000 

5 

1065.000 

2.768 

* 

NS: Not significant; 

*** Highly significant with probability less than 0.001; 

* significant with probability less than 0.05 



Table 4: Average shear strength of PUR and PVAc adhesives along with percenrage of wood failure values on different wood species 


Adhesive type 

Shear strength 

Wood species SD a 

(MPa) 

Duncan groups' 3 

Wood failure 

(%) 

SD a 

Duncan 

groups' 3 

PVAc 

Beech 

14.50 

1.34 

B 

43.00 

34.42 

E 


Walnut 

11.88 

1.51 

C 

55.00 

34.48 

CDE 


Oak 

11.07 

2.01 

CD 

72.50 

7.91 

BC 


Sycamore 

11.00 

0.78 

CD 

89.00 

14.50 

AB 


Poplar 

10.19 

1.10 

DE 

96.00 

7.00 

A 


Fir 

7.34 

1.74 

F 

93.00 

8.56 

A 

PUR 

Beech 

16.75 

1.36 

A 

66.00 

29.33 

CD 


Walnut 

15.14 

0.70 

B 

71.50 

21.09 

BC 


Oak 

15.56 

1.71 

AB 

53.00 

22.14 

DE 


Sycamore 

11.46 

2.15 

CD 

94.00 

5.16 

A 


Poplar 

9.52 

1.20 

EF 

98.00 

4.83 

A 


Fir 

8.42 

1.25 

FG 

99.00 

2.11 

A 


a: Standard deviation; b: A-F symbols were arranged in descending order from largest to smallest average values. 


The highest percentage of wood failure for PVAc adhesive 
was recorded for specimens fabricated of poplar. No significant 
differences in the percentage of wood failure were recorded for 
specimens constructed of sycamore, fir, and poplar (Table 4). 
The lowest percentage of wood failure was obtained in speci¬ 
mens constructed of beech. There was no significant difference 
between percentage of wood failure in beech and walnut speci¬ 
mens. In the case of PUR adhesive, maximum percentage of 
wood failure was recorded for specimens constructed of fir. 
There were no significant differences between percentages of 
wood failure for specimens constructed of sycamore, fir, and 
poplar. The lowest percentage of wood failure was recorded for 
specimens constructed of oak and no statistically significant 
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difference in the percentage of wood failure was observed be¬ 
tween specimens constructed of oak and beech. Generally, the 
percentage of wood failure increased with increase in the shear 
strength of test adhesives, so that the percentage of wood failure 
in specimens constructed with PUR adhesive was approximately 
5.5% higher than for those of specimens made with PVAc adhe¬ 
sive. However, oak specimens showed an inverse behavior so 
that the percentage of wood failure in oak specimens constructed 
with PUR adhesive was 19.5% less than for oak specimens fab¬ 
ricated with PVAc adhesive. Overall, ANOVA results showed 
that there was no statistically significant difference between per¬ 
centage of wood failure in specimens made with PUR and PVAc 
adhesives. 
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Discussion 

Although shear strength and adhesion quality of an adhesive 
directly depends on its fonnulation and chemical properties, 
physical-mechanical properties of wood used in construction of 
our test specimens had a significant effect on the shear strength 
of test adhesives. These results for the PUR and PVAc adhesives 
support those reported by Altinok et al. (2011) for the shear 
strength of PVAc and urea-formaldehyde (UF) adhesives on 
various wood species. Overall, the shear strength of PUR adhe¬ 
sive was significantly higher than that of PVAc adhesive. How¬ 
ever, in the case of poplar specimens, unlike the other wood spe¬ 
cies, PVAc adhesive showed higher shear strength than did PUR 
adhesive. This unusual instability in the results obtained from 
poplar specimens was probably due to weak shear strength par¬ 
allel to the grain of wood. In fact, in the case of poplar, sycamore, 
and fir specimens, the shear strength values of tested adhesives 


were higher than shear strength parallel to the grain of wood; 
hence, failures occurred mostly in the test blocks rather than at 
the adhesive line in specimens constructed of these three wood 
species (Fig. 3). Differences in specific gravity, pore diffusion, 
extractive and surface roughness of wood are the main reasons 
for differences in shear strengths and adhesion qualities of a 
given adhesive on different wood species. Shear strength parallel 
to the grain of wood directly affected the accuracy of the bond 
line strength measurement: when the shear strength of wood was 
lower than the shear strength of the adhesive, test specimens 
were destroyed before the adhesive line could achieve its final 
strength under loading such as the modulus of failure in poplar, 
fir, and sycamore specimens (Fig. 3). Thus, the results obtained 
from poplar, fir and sycamore specimens did not provide a good 
comparison of the shear strength of the test adhesives. In contrast, 
beech, walnut and oak specimens yielded more reliable com¬ 
parisons of differences between shear strength values of the 
PVAc and PUR adhesive, specifically, because of their high den¬ 
sity and shear strength parallel to the grain. 



Fig. 3 : Some failure modes of block-shear specimens (a: fir, b: poplar, c: sycamore) 


Conclusions 

Shear strength of the PUR adhesive used in this study was 
significantly higher than that of the conventional PVAc adhesive. 

Generally, with the exception of oak specimens, there was no 
significant difference between percentage wood failure in speci¬ 
mens constructed with PUR and PVAc adhesives. 

The PUR adhesive with perfect waterproof properties can be 
recommended as a replacement for PVAc adhesive in construct¬ 
ing furniture for outdoor use under atmospheric conditions. 
However, we assessed only shear strength and adhesion per¬ 
formance of the PUR adhesive. Other factors that might influ¬ 
ence the choice of an adhesive include harmful effects on human 
health and durability of the adhesive under different temperature 
and humidity conditions. Such factors should be assessed in fu¬ 
ture studies to enable confident recommendation of PUR adhe¬ 
sive for use in the furniture industry. 

The accuracy of the shear strength measurements of different 
wood adhesives directly depends on wood species used in con¬ 
structing test specimens. 

Beech, walnut and oak species can be recommended for use in 
future studies to achieve a reliable comparison between shear 


strength of different wood adhesives. This is because of their 
high density, low percentage of wood failure, and high shear 
strength parallel to the grain. 
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